Abstract. The mechanism of cisplatin resistance is complex. Previous studies have indicated that chloride voltage-gated channel 3 (CLCN3) is associated with drug resistance; however, the mechanisms are not fully understood. Therefore, the present study explored the involvement of CLCN3 in cisplatin resistance in human glioma U251 cells. The effects of combined cisplatin treatment and CLCN3 suppression on cultured U251 cells were investigated. The decreased viability of cisplatin-treated U251 cells indicated the cytotoxic effects of CLCN3 silencing. Expression of the apoptosis-related gene TP53 and caspase 3 activation were enhanced in cisplatin-treated U251 cells. Furthermore, the ratio of BCL2/BAX expression was decreased. Notably, CLCN3 suppression promoted cisplatin-induced cell damage in U251 cells. Thus, the combined use of cisplatin and CLCN3 antisense had additive effects in U251 cells. In addition, the present results indicated that CLCN3 suppression decreased lysosome stabilization in U251 cells treated with cisplatin. To conclude, the present results indicated that CLCN3 suppression can sensitize glioma cells to cisplatin through lysosomal dysfunction.
Introduction
Gliomas arise from astrocytes, oligodendrocytes or their progenitor cells. The malignant transformation of all these cells are collectively called gliomas. Glioblastoma multiforme (GBM) is the most common and invasive primary central nervous system tumor in adults, with a 2-year survival rate of 3-5%. Currently, the standard treatment for GBM is multimodal comprehensive treatment including surgery combined with radiotherapy and chemotherapy. Surgically eliminating GBM is impossible, and GBMs are resistant to a variety of chemotherapy drugs including Temozolomide. Thus, tumor relapses are unavoidable, making the medial survival of GBM patients only 12 to 15 months (1).
The chloride transporter family is widely expressed in tissues and organs across the entire body (2) . One member of the chloride voltage-gated channel (CLCN) family, CLCN3, is predominantly expressed in acidic intracellular compartments, especially lysosomes (3) . CLCN3 participates in vesicular acidification, chloride accumulation, and drug resistance (4) (5) (6) (7) . Recent studies have shown that CLCN3 is highly expressed in GBM and plays significant roles in cellular survival, proliferation and malignancy (8, 9) .
Cisplatin (cis-diamminedichloroplatinum) is a DNA damaging agent that is widely used to treat a variety of malignant tumors, including gliomas (10, 11) . Fluorescence tagging assays indicate that cisplatin is taken up by cells, and then combines with membrane proteins, accumulating in endosomes, lysosomes and the Golgi through endocytic recycling compartments (12, 13) . Recent studies also indicated that cell internalization, membrane recycling, organelle acidification, and cell externalization are involved in the metabolism of cisplatin (13) (14) (15) . However, the mechanism of resistance to cisplatin is complex and still not fully understood.
In this study, we utilized the human glioma cell line U251, which is relatively insensitive to cisplatin, to determine whether suppressing CLCN3 enhances the sensitivity of glioma cells to cisplatin. We investigated the effects of combined cisplatin and CLCN3 antisense oligonucleotide treatment on U251 cells and compared the results with cells treated with cisplatin alone. Cytotoxicity, apoptosis induction, cell invasion and the expression of relative genes were assayed. We further elucidated the possible mechanisms involved in the different susceptibilities of U251 cells to cisplatin-induced apoptosis. The results indicated that inhibiting CLCN3 increased the sensitivity of U251 cells to cisplatin through lysosomal dysfunction. These data provide new evidence that intracellular CLCN proteins could be a target to modulate chemosensitivity.
Suppression

Materials and methods
Cell line and culture. All experiments were performed in U251 cells, which were maintained at 37˚C with 95% air and 5% CO 2 , and in DMEM (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences), 50 U/ml penicillin and 50 µg/ml streptomycin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).
Antisense and nonsense oligonucleotide transfection.
Phosphorothioate-modified antisense oligonucleotide primers were purchased from Takara Biotechnology Co., Ltd. (Dalian, China). The CLCN3 antisense oligonucleotide primer sequence used was: 5'-TCC ATT TGT CAT TGT-3'. The CLCN3 antisense was shown to eliminate both the short and long forms of CLCN3 (16) . A nonsense primer sequence was constructed from 15 randomized bases (5'-CCG TAT GAC CGC GCC-3') and served as an experimental control (17) . Oligonucleotide primers were transfected into U251 cells using Lipofectamine ® 2000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to manufacturer's instructions. The final concentration of oligonucleotide primers was 0.5-2 µg/ml. For reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting, 24 h after transfection, cells were treated with cisplatin (Sigma-Aldrich; Merck KGaA) for 24 h, and then were harvested.
RT-qPCR. Total RNA was extracted from U251 cells using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. Avian myeloblastosis virus reverse transcriptase (Takara Biotechnology Co., Ltd.) was used to reverse transcribe 2 µg RNA into cDNA. The PCR primers for matrix metalloprotease 2 (MMP2) (Genebank NM 004530.2) and MMP9 (Genebank NM 004994.2) were created with Primer 5 software (Premier Biosoft International, Palo Alto, CA, USA); CLCN3, CCND1 and ACTB primers have been published previously (18) . The primers were synthesized by Takara. Primers sequences and related parameters are presented in Table I . PCR results were visualized using a Tanon-1600 figure gel image processing system and analyzed with GIS 1D gel image system software (Tanon, Shanghai, China).
Western blot analysis. Cells were harvested and lysed in RIPA lysis buffer (Beyotime, Shanghai, China) that included a protease inhibitor cocktail (19) (Sigma-Aldrich; Merck KGaA). Protein quantification was performed using the Bio-Rad Protein assay dye reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Proteins were electrophoresed and separated by SDS-PAGE, and then transferred from gels onto PVDF membranes (EMD Millipore, Billerica, MA, USA). After incubation with primary (4˚C, overnight) and secondary antibodies (room temperature, 2 h), the blots were developed with DAB (3,3'-diaminobenzidine MTT Assay. Cell viability was detected by the MTT assay. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was purchased from Sigma-Aldrich; Merck KGaA. Cells were grown in 96-well plates (1x10 4 cells/ml and 100 µl/well) maintained at 37˚C with 95% air and 5% CO 2 for 22-24 h. After oligonucleotide transfection and cisplatin treatment, 20 µl of MTT (5 mg/ml) was added to each well for 4 h. After removing the medium, 100 µl of DMSO was added to each well, and the absorbance at 570 nm was measured with a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).
Morphological determination of apoptosis by TUNEL.
Apoptotic morphological changes in cells were detected using a TUNEL assay according to the protocol of the In Situ Cell Death Detection kit (Roche Applied Science, Penzberg, Germany). Cells were fixed in 4% formaldehyde (4˚C, 20 min), and incubated by TUNEL reagent (keep in dark, 37˚C, 60 min). Glycerol was used as mounting medium. The results were observed using an Olympus fluorescence microscope (BX60; Olympus Inc., Tokyo, Japan) with 450-500 nm excitation wavelength and 515-565 nm (20) emission wavelength. Six fields of view observed under microscope.
Quantification of apoptosis by flow cytometry. Treated cells were collected and incubated with propidium iodide (PI) and Annexin V (both from Keygene, Nanjing, China), and then assayed using a fluorescence activated cell sorting system (FACS). Early apoptotic cells were only labelled with Annexin V (21). Samples were stained using the manufacturer's protocol and analyzed using a BD FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The software used for flow cytometry analysis is BD CellQuest™ Pro (The Premier Acquisition and Analysis Software; Apple Computer, Inc., Cupertino, CA, USA).
Measuring Cathepsin D activity. Treated cells were collected and Cathepsin D activity was detected using the protocol supplied with the Cathepsin D activity assay kit (BioVision, Inc., Milpitas, CA, USA). Briefly, 1x10 6 cells were harvested, washed with ice cold PBS, resuspended in 100 µl of PBS, and centrifuged for 2-5 min at 4˚C at full speed using a cold microcentrifuge to remove insoluble material. The cells were then resuspended in 200 µl of Cell Lysis Buffer, incubated on ice for 10 min and centrifuged for 2-5 min at 4˚C at full speed using a cold microcentrifuge to remove insoluble material. The cleared cell lysate was then transferred into a new tube. We then added 52 µl of the Reaction Mix to each well and incubated at 37˚C for 1-2 h in the dark. Fluorescence was detected using a Packard Bioscience Fusion™ instrument (Packard BioScience Co., Arvada, CO, USA) with a 328 nm excitation wavelength and a 460 nm emission wavelength.
Measuring intracellular acridine orange (AO) emission spectra. Our previous study found that AO accumulates in acidic compartments such as lysosomes, where it fluoresces red (22, 23) . After transfection and treatment, cells were incubated with AO (final concentration 5 µM). The granular red (lysosomal) fluorescence was measured using laser confocal micro-spectrofluorometry (FluoView™ FV300; Olympus Inc.).
Transwell invasion and mobility assay. Chambers with 8 µm pore filters (Becton Dickinson) were placed into a 24-well plate. Treated cells were harvested, resuspended, and then added to the upper compartment of the chamber (5x10 4 cells/200 µl). Matrigel-coated filters were used to detect cell invasion. Cells that invaded through the Matrigel were counted on the underside of the filter according to the manufacturer's instructions. The filter membranes with cells were stained by 0.1% crystal violet at room temperature for 10 min, and observed by optical microscope. Three independent experiments were performed.
Statistical analysis.
All results are presented as mean ± standard error. The number of independent experiments are shown as n values. One-way ANOVA was used for all statistical analyses followed by Tukey's test. All data are carried out using the Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of nonsense oligonucleotide and CLCN3 antisense oligonucleotide transfection on CLCN3 mRNA and protein expression in U251 cells. Initially, we tested whether CLCN3 antisense oligonucleotides could effectively suppress CLCN3 mRNA and protein expression. RT-qPCR and western blot assays were performed to detect the effects of transfecting nonsense and CLCN3 antisense oligonucleotide on CLCN3 mRNA and protein expression in U251 cells. The results showed that CLCN3 antisense oligonucleotides significantly decreased CLCN3 mRNA and protein expression. This indicated that CLCN3 antisense oligonucleotides could effectively suppress CLCN3 expression (Fig. 1) .
Silencing CLCN3 f urther reduces the viabilit y of cisplatin-treated U251 cells. Changes in the viability of cisplatin-treated U251 cells were used to evaluate the cytotoxic effects of silencing CLCN3. Cells were transfected with nonsense or CLCN3 antisense oligonucleotide for 24 h followed by treatment with cisplatin for 24 h. We observed a significant enhancement of the cisplatin-induced cytotoxicity following CLCN3 antisense transfection in U251 cells. Suppressing CLCN3 expression reduced cell viability at all concentrations of cisplatin tested ( Fig. 2A) . We also investigated whether CLCN3 antisense transfection enhanced cisplatin-induced apoptosis in U251 cells. Apoptosis quantification by flow cytometry was used to determine the apoptotic rate of cells treated with cisplatin and CLCN3 antisense. Early apoptotic cells were only labelled with Annexin V and shown in Q4 quadrant. The results showed that transfecting CLCN3 antisense before cisplatin treatment (15 µmol/l), increased the population of early apoptotic cells. Morphological determination of apoptosis by TUNEL staining also showed an increased induction of apoptosis following combined treatment ( Fig. 2B and C) .
Effect of CLCN3 antisense transfection on cisplatin cytotoxicity and lysosome dysfunction. It is well known that cisplatin damages DNA by forming DNA adducts that induce the tumor suppressor TP53, which may lead to the induction of a number of processes, including apoptosis. The level of TP53 expression was detected by western blot, and the results showed that suppressing CLCN-3 induced a greater accumulation of TP53 in U251 cells treated with cisplatin. The ratio of BCL2 and BAX expression was also significantly decreased in U251 cells exposed to cisplatin with or without CLCN3 antisense transfection compared with the control group and the CLCN3 antisense group. Caspase 3 activity was significantly increased in U251 cells exposed to cisplatin with or without CLCN3 antisense compared with the control group ( Fig. 3A ; Table II) .
The intracellular chloride channel CLCN3 is expressed mainly in acidic intracellular compartments, especially lysosomes, and participates in their acidification (8) . Lysosomal cathepsins, such as Cathepsin D, play key roles in the degradative function of lysosomes. So, the expression and the activity of lysosomal cathepsins are significant markers of lysosome function. Thus, Cathepsin D expression was also evaluated by western blot. These data showed that Cathepsin D expression decreased in U251 cells transfected by CLCN3 antisense with or without cisplatin (Fig. 3A) . Cathepsin D activity was consistent with its expression (Fig. 3B) .
AO preferentially accumulates in lysosomes and fluoresces red. When AO relocates from the lysosomes to the cytosol it fluoresces green. Staining with AO revealed that red granular fluorescence was decreased by CLCN3 antisense, but was not significantly altered by cisplatin. Furthermore, the combination of CLCN3 antisense transfection with cisplatin reduced red granular fluorescence more than cisplatin treatment alone (Fig. 3C) .
Effects of cisplatin and CLCN3 antisense treatment on MMP expression, invasion and mobility in U251 cells.
The cell invasion and mobility-related genes, MMP2 and MMP9, were downregulated by cisplatin treatment with or without CLCN3 antisense transfection (Fig. 4A) . Additionally, MMP2 and Relative levels of different apoptosis relative genes calculated from intensities of bands are shown in Fig. 3A . MMP9 expression were decreased by CLCN3 antisense transfection. Cell invasion and mobility were reduced by cisplatin with or without CLCN3 antisense transfection and by CLCN3 antisense alone ( Fig. 4B ; Table III) .
Discussion
Cisplatin was the first clinically-applied platinum-based drug and has a potent DNA-damaging anticancer effect. It is well known that the primary cytotoxic action of cisplatin is due to its ability to form adducts with DNA and induce apoptosis (24) . However, cancer cells with high intrinsic or acquired resistance to cisplatin are a major hurdle to its clinical success (25) .
CLCN3 is primarily expressed on acidic intracellular compartments, especially lysosomes (3, 8) . It has been shown that CLCN3 protein is expressed at high levels in some tumors, including gliomas (26) (27) (28) (29) . These studies indicate that the function of CLCN3 is to facilitate lysosomal acidification and that it plays roles in proliferation, invasion, migration, and drug-resistance (30) . The direct or indirect link between lysosomes and cisplatin resistance has been implied by several studies (31) (32) (33) . Chloride channel blockers, such as 4-acetamido-4'-isothiocyanostilbene-2,2'-disulfonic acid (SITS) (34) , and 4-4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) (35) , are known to weaken cisplatin resistance; therefore, we investigated the relationship between cisplatin-induced apoptosis and chloride channel activity in human glioma cells.
In this study, we hypothesized that CLCN3 plays a role in cisplatin resistance in human glioma U251 cells via lysosomal dysfunction. To test our hypothesis, we utilized CLCN3 antisense oligonucleotide transfection to suppress CLCN3 mRNA and protein expression in U251 cells. There are two classes of apoptosis induced by DNA-damaging agents such as cisplatin: 1) the extrinsic receptor-dependent pathway (36) and 2) the intrinsic mitochondrial pathway (37) . Cisplatin damages DNA by forming DNA adducts, which may then induce apoptotic TP53 responses (38) . After DNA damage, if the damage is irreversible, apoptosis is triggered. Lysosomal dysfunction and membrane permeabilization cause the release of lysosomal enzymes into the cytosol in response to the action of cathepsins following p53 activation, thereby mediating cell death (39, 40) .
We investigated the effects of combined CLCN3 antisense oligonucleotide transfection and cisplatin treatment on U251 cells. Our results showed that cisplatin not only decreased cell viability but also induced apoptosis. We detected membrane phosphatidylserine translocation by Annexin V-fluorescein isothiocyanate (FITC) staining, DNA degradation by TUNEL Table III . Correlation analysis of MMP-2 and MMP-2 mRNA expression, cell invasion and cell mobility of U251 cells. Relative levels of MMP-2 and MMP-9 mRNA calculated from intensities of bands are shown in Fig. 5A . staining, and p53 upregulation and caspase 3 activation by western blot. Our results illustrated that cisplatin induced cellular DNA fragmentation and triggered p53 accumulation. The altered BCL2/BAX expression ratio indicated activation of mitochondrial membrane permeabilization. Red granular fluorescence was decreased by CLCN3 antisense transfection, and was not significantly altered by cisplatin as shown by AO staining. CLCN3 antisense induced the lysosomal pH increasing in cisplatin-treated U251 cells. Moreover, Cathepsin D activity was decreased by CLCN3 suppression in U251 cells. These data suggested that CLCN3 suppression leaded to lysosomal dysfunction involved in mechanism of cisplatin-resistance in U251 cells. But the link between the lysosomal function and chemotherapeutic sensitivity still need further investigation.
Relative values
In our previous study, we found that CLCN3 plays dual roles in the mechanisms of cisplatin resistance in U251 cells. On one hand, CLCN3 promotes the Akt/mTOR pathway through generating ROS via Nox, while on the other hand, as CLCN3 has indispensable roles in the acidification of acidic intracellular compartments such as late-endosomes, lysosomes and mature autophagosomes, CLCN3 deficiency probably induces autophagy (23) . As a follow-up from the previously published article (23) , in this study, we furthered our investigation into the possible roles of CLCN3 and discovered that suppressing CLCN3 induced lysosomal dysfunction, through increasing pH and decreasing Cathepsin D activity. Although our data indicated that CLC3 may provide possible targets for anticancer drugs, but one of limitations of our work must be pay attention to is that we only employed U251 cells in our study, so more research depending on various types cancer cells should be done to define the molecular mechanism of its activation.
